Lanthipeptides are ribosomally derived peptide secondary metabolites that undergo extensive posttranslational modification. Prochlorosins are a group of lanthipeptides produced by certain strains of the ubiquitous marine picocyanobacteria Prochlorococcus and Synechococcus. Unlike other lanthipeptide-producing bacteria, picocyanobacteria use an unprecedented mechanism of substrate promiscuity for the production of numerous and diverse lanthipeptides using a single lanthionine synthetase. Through a cross-scale analysis of prochlorosin biosynthesis genes-from genomes to oceanic populations-we show that marine picocyanobacteria have the collective capacity to encode thousands of different cyclic peptides, few of which would display similar ring topologies. To understand how this extensive structural diversity arises, we used deep sequencing of wild populations to reveal genetic variation patterns in prochlorosin genes. We present evidence that structural variability among prochlorosins is the result of a diversifying selection process that favors large, rather than small, sequence changes in the precursor peptide genes. This mode of molecular evolution disregards any conservation of the ancestral structure and enables the emergence of extensively different cyclic peptides through short mutational paths based on indels. Contrary to its fast-evolving peptide substrates, the prochlorosin lanthionine synthetase evolves under a strong purifying selection, indicating that the diversification of prochlorosins is not constrained by commensurate changes in the biosynthetic enzyme. This evolutionary interplay between the prochlorosin peptide substrates and the lanthionine synthetase suggests that structure diversification, rather than structure refinement, is the driving force behind the creation of new prochlorosin structures and represents an intriguing mechanism by which natural product diversity arises. lanthipeptides | prochlorosin | RiPPs | Prochlorococcus | Synechococcus M icrobial secondary metabolism produces a wealth of small molecules, referred to as natural products. These metabolites are fundamental for the function of microbial communities because they play diverse roles in mediating both biotic and abiotic interactions (1, 2). Studies on the diversity of secondary metabolite biosynthetic pathways in the human gut (3), soil (4), and marine sediments (5) indicate that the production of structurally diverse natural products is an integral feature of microbial communities. The oligotrophic ocean is the largest ecosystem on Earth, yet little is known about secondary metabolite production in planktonic marine microbial communities in part because their dilute habitat presents an unconventional stage for the action of these types of often-secreted compounds.
Lanthipeptides are ribosomally derived peptide secondary metabolites that undergo extensive posttranslational modification. Prochlorosins are a group of lanthipeptides produced by certain strains of the ubiquitous marine picocyanobacteria Prochlorococcus and Synechococcus. Unlike other lanthipeptide-producing bacteria, picocyanobacteria use an unprecedented mechanism of substrate promiscuity for the production of numerous and diverse lanthipeptides using a single lanthionine synthetase. Through a cross-scale analysis of prochlorosin biosynthesis genes-from genomes to oceanic populations-we show that marine picocyanobacteria have the collective capacity to encode thousands of different cyclic peptides, few of which would display similar ring topologies. To understand how this extensive structural diversity arises, we used deep sequencing of wild populations to reveal genetic variation patterns in prochlorosin genes. We present evidence that structural variability among prochlorosins is the result of a diversifying selection process that favors large, rather than small, sequence changes in the precursor peptide genes. This mode of molecular evolution disregards any conservation of the ancestral structure and enables the emergence of extensively different cyclic peptides through short mutational paths based on indels. Contrary to its fast-evolving peptide substrates, the prochlorosin lanthionine synthetase evolves under a strong purifying selection, indicating that the diversification of prochlorosins is not constrained by commensurate changes in the biosynthetic enzyme. This evolutionary interplay between the prochlorosin peptide substrates and the lanthionine synthetase suggests that structure diversification, rather than structure refinement, is the driving force behind the creation of new prochlorosin structures and represents an intriguing mechanism by which natural product diversity arises. lanthipeptides | prochlorosin | RiPPs | Prochlorococcus | Synechococcus M icrobial secondary metabolism produces a wealth of small molecules, referred to as natural products. These metabolites are fundamental for the function of microbial communities because they play diverse roles in mediating both biotic and abiotic interactions (1, 2) . Studies on the diversity of secondary metabolite biosynthetic pathways in the human gut (3), soil (4), and marine sediments (5) indicate that the production of structurally diverse natural products is an integral feature of microbial communities. The oligotrophic ocean is the largest ecosystem on Earth, yet little is known about secondary metabolite production in planktonic marine microbial communities in part because their dilute habitat presents an unconventional stage for the action of these types of often-secreted compounds.
A survey of secondary metabolite pathways in sequenced genomes of Prochlorococcus and Synechococcus, the most abundant phytoplankton groups in the ocean, revealed the presence of a lanthipeptide biosynthesis pathway (6) . The compounds produced by this pathway were named prochlorosins and are the first natural products identified in marine picocyanobacteria (6) . The discovery of these compounds in these globally distributed and diverse microorganisms-emerging models for integrative systems biology (7, 8) -provides a unique opportunity to study the diversity and evolution of secondary metabolites in the natural environment.
Lanthipeptides are a class of ribosomally synthesized and posttranslationally modified peptides (RiPPs) characterized by the presence of intramolecular thioether cross-links that render them into complex polycyclic structures. The biosynthesis of lanthipeptides generally involves the synthesis of a precursor peptide composed of an N-terminal leader peptide and a C-terminal core region. The latter undergoes posttranslational modifications performed by a dedicated lanthionine synthetase that dehydrates select Ser and Thr residues and catalyzes the intramolecular addition of Cys thiols to the resulting unsaturated amino acids, forming lanthionine and methyl-lanthionine bridges, respectively. Following modification, the precursor peptide is often trafficked to the cell membrane where an ABC transporter with a C39 protease domain cleaves the leader peptide and releases the modified core peptide to the extracellular environment (9) . Although the vast majority of known lanthipeptides are bactericidal (9, 10) , some can act as signaling molecules (11, 12) or morphogenetic peptides (13) . The function of prochlorosins, as well as the products of several other recently discovered lanthipeptide pathways in bacteria (14) , remains unknown.
Significance
Lanthipeptides are a large family of microbial natural products of ribosomal origin. Prochlorosins are a group of unusually diverse lanthipeptides found in strains of the marine cyanobacteria Prochlorococcus and Synechococcus-the most abundant photosynthetic microorganisms on Earth. By analyzing the prochlorosin biosynthesis genes from cultured strains and wild cyanobacteria, we show that the global collective of these microorganisms has evolved thousands of structurally distinct lanthipeptides via a process of evolutionary radiation favoring the sustained emergence of new structures over refinement of an existing one. The evolutionary history of prochlorosins suggests a fundamentally different structure-to-function relationship compared with other lanthipeptides and opens the question of how structural diversification contributes to their function and mode of action in the marine environment.
The lanthionine synthetase in most lanthipeptide-producing bacteria modifies only one cognate precursor peptide, producing a single product (15) . Lanthipeptide-encoding strains of Prochlorococcus and Synechococcus, on the other hand, can produce multiple different lanthipeptides from distinct gene-derived precursors [called prochlorosin precursor peptides (ProcA) in this study] using a single highly substrate-tolerant prochlorosin lanthionine synthetase, ProcM (6) ( Fig. 1A) . Biochemical characterization of a ProcM from a Prochlorococcus strain (MIT9313) that encodes 29 different procA precursor peptide genes showed that this ProcM can catalyze the dehydration and cyclization of all 18 prochlorosin precursor peptide substrates tested (6) using a distinct substrate-tolerant catalysis mechanism (16) .
Sequence analysis of the 29 prochlorosin precursor peptides from Prochlorococcus MIT9313 revealed two features that make them unique among lanthipeptides (6) . First, their core regions are highly dissimilar, and none have Ser/Thr or Cys residues in positions that would result in ring topologies similar to other known lanthipeptides, or to each other. Second, in contrast to the core regions, the sequence of the leader peptide is remarkably conserved. This unprecedented hypervariability in the prochlorosin core peptide observed in a single genome raises questions about the extent of the structural diversity of these compounds across marine picocyanobacterial lineages and, more broadly, about how widespread and diverse these natural products are along oceanic environmental gradients. Additionally, the hypervariability poses questions about what evolutionary mechanisms would enable the generation of such extreme diversity in prochlorosin precursor peptide genes.
Here we analyzed the prochlorosin biosynthesis pathway in genomes of previously and newly sequenced strains of Prochlorococcus and Synechococcus to better understand the distribution of this trait among lineages in these two genera and the degree of prochlorosin diversity within each group. To investigate how lanthipeptides evolve in the open ocean environment, we used a biogeographic approach that characterizes the distribution and abundance of the prochlorosin trait in different oceanic regions and that uncovers the extent of lanthipeptide structural diversity in wild picocyanobacterial populations. We examined fine-scale genetic variation in prochlorosin precursor peptide genes derived from these wild populations to begin to explore the evolutionary mechanisms responsible for this extensive diversity. Through this cross-scale analysis-from genomes to populations-we present evidence consistent with the hypothesis that structural diversity, instead of structural constraint, drives the evolution of lanthipeptides in marine picocyanobacteria, an unusual evolutionary scenario for the creation of complex polycyclic peptide natural products.
Results and Discussion
Phylogenomic Analysis of the Prochlorosin Biosynthesis Pathway. To examine the phylogenetic distribution of the prochlorosin trait in cultured strains of Prochlorococcus and Synechococcus, we first searched for homologs of the prochlorosin lanthionine synthetase gene (procM) and the prochlorosin precursor peptide genes (procA) in 50 Prochlorococcus and 26 Synechococcus genomes. This set of genomes includes nine Prochlorococcus and three Synechococcus strains that are described in this work (SI Appendix, Table S1 ). Prochlorosin genes appear in 13 of these 76 genomes and have a restricted phylogenetic distribution. Among Synechococcus strains, the prochlorosin trait is present in four distantly related clades (I, IX, UC-A, and CRD1) of the 5.1 marine subcluster ( Fig. 1B and SI Appendix, Fig. S1 ). Among Prochlorococcus strains, the trait is found only in the deeply branching low-light-adapted LLIV clade ( Fig. 1B ). Within the The precursor peptides in the matrix were grouped first by the phylogenetic relationship of the strain of origin (based on ITS ribosomal DNA, at left) and then by the intragenome amino acid identity of their leader peptide region. Only one pair of prochlorosins originating in MIT9313 and MIT1327 share 100% identity in their core region; their leader peptide region is 98% identical. (B) Amino acid composition of the prochlorosin core peptides (weighted average of frequency) found in Prochlorococcus and Synechococcus genomes compared with the general proteome composition of these strains. Gly, a flexible small amino acid, along with amino acids necessary for the formation of ring structures (Cys, Ser, and Thr), are the most frequent residues in the prochlorosin core peptides; all but Ser are found at a higher frequency in prochlorosin core peptides than in the general proteome. (C) Size distribution (purple line, right y axis) and amino acid diversity by Shannon entropy at each position (orange line, left y axis) of prochlorosin precursor peptides. Positions within the leader peptide region correspond to the consensus of the multiple sequence alignment of 181 leader peptides. Because of the difficulty in producing a meaningful multiple alignment of the core region, the positions for this region correspond to stacked sequences that use the Gly-Gly motif as a starting reference. Shannon entropy values higher than 2 are considered variable (dashed line); the maximum theoretical value of the Shannon entropy for 20 amino acids is 4.322 and signifies that all residues are equally represented in that position (39) .
LLIV clade, 7 of the 14 strains available harbor prochlorosin genes ( Fig. 1C and SI Appendix, Fig. S2 ). This sporadic occurrence of the trait among closely related strains is also evident within Synechococcus clades ( Fig. 1B and SI Appendix, Fig. S1 ), indicating that lanthipeptide production is not a stably maintained trait within picocyanobacterial lineages. To refine the set of genomes used for the analysis of the prochlorosin biosynthesis pathway, we removed strains that were identical in their internal transcribed spacer (ITS) ribosomal DNA sequence and displayed more than 99% overall genome similarity, which in all cases had identical procA genes (SI Appendix, Figs. S3 and S4). This left four Prochlorococcus (MIT9313, MIT9303, MIT0701, and MIT1327) and five Synechococcus (MITS9509, MITS9508, RS9916, WH8016, and KORDI-100) strains for further analysis (SI Appendix, Table S1 ). These nine genomes display flexibility in the genetic organization of the three principal components of the prochlorosin pathway: the precursor peptide genes (procA), the lanthionine synthetase gene (procM), and the genes that encode the inner and outer membrane transporters (lanT, lanOM) (SI Appendix, Fig. S5 ). Although there is a single procM gene in each genome, there is great variation in the number and genomic location of the procA genes, some of which can be present in tandem arrays of multiple genes (SI Appendix, Table S2 ). In the set of four Prochlorococcus strains, the number of procA genes varies between 9 and 29. Among Synechococcus strains, which span a larger genetic distance, the procA gene number varies from 1 to 80-an unprecedented expansion of lanthipeptide precursor peptide genes (SI Appendix, Table S2 ). In total, these nine genomes encode 181 procA genes. Similarly to the procA genes, the procM and transporter genes are not necessarily located in the same genomic locus in all strains. Although strains MIT1327, MITS9509, and RS9916 have their procM, lanT, and lanOM genes present in a single gene cluster, the other strains have these genes scattered across multiple genomic loci, suggesting genetic mobility and modularity within components of the prochlorosin pathway (SI Appendix, Fig.  S5 ). These architectures contrast with the genetic organization of lanthipeptide biosynthesis pathways in other bacteria and with canonical peptide-based secondary metabolite pathways in which components for biosynthesis are usually found in a gene cluster that behaves as a single evolutionary unit (17) . Flexibility in the configuration of the genetic components of the prochlorosin pathway implies an uncommon mode of evolution for this family of lanthipeptides.
Prochlorosin Precursor Peptide Gene Diversity in Picocyanobacterial
Genomes. We assessed the potential diversity of lanthipeptide structures encoded in this set of nine strains by examining the amino acid sequence similarity of the leader and core peptide regions of the prochlorosin precursor peptides. Strikingly, the core region-the substrate for posttranslational modifications-of all but 2 of the 181 precursor peptides is different, with 98.4% of all possible pairs displaying less than 30% protein identity to each other ( Fig. 2A ). Despite their massive sequence diversity, these core peptides are not random protein sequences; their amino acid composition is dominated by Gly, a small flexible amino acid, and the amino acids required for cyclization (Cys, Thr, and Ser), with Gly, Cys, and Thr residues enriched relative to the total proteome of their host organisms ( Fig. 2B ). Based on the co-occurrence of Cys/Ser or Cys/Thr residues, 91% of the precursor peptides identified have the potential to form a (methyl)lanthionine-containing cyclic peptide.
The length of the precursor peptide also varies greatly among the sequences, and the amino acid diversity within the peptide increases dramatically immediately after the end of the leader peptide, indicating no preference for a particular amino acid at any given position in the core peptide following the Gly-Gly motif of proteolytic cleavage (Fig. 2C ). Consequently, these core peptides would result in the formation of lanthipeptides with distinct ring topologies. In contrast to the core region, the leader peptide region exhibits a high degree of inter-and intragenome conservation, consistent with its functional role in directing the biosynthesis of prochlorosins. Interestingly, although the molecular determinants for ProcM activity are located only in the final third of the C-terminal end of the ProcA leader peptide (18) , the high degree of conservation of the N-terminal end of the leader peptide across distant lineages suggests that this region may be important for additional steps of the biosynthesis process, perhaps transport of prochlorosins.
When performing a BLAST search for procA homologs in our 76 genomes, we found a total of 53 procA pseudogenes, i.e., prochlorosin precursor peptide genes containing a mutation (early stop codon, frameshifts, or elimination of the start codon) that prevents the formation of a functional prochlorosin ORF. The procA pseudogenes were detected in seven of the nine prochlorosin-encoding strains and also in four strains of the LLIV clade of Prochlorococcus that do not encode the prochlorosin biosynthesis pathway (SI Appendix, Tables S1 and S3). After correction of mutations, we found that, as in intact procA genes, most of the core regions of the procA pseudogenes have no sequence similarity to other procA genes or procA pseudogenes (SI Appendix, Fig. S6 A and B) . Also, the putative core regions of the procA pseudogenes have a similar amino acid composition to the intact procA genes and are also enriched in Gly, Cys, Ser, and Thr residues, indicating that they could have encoded substrates for the creation of prochlorosins before the deactivating mutations occurred (SI Appendix, Fig. S6C ). Despite the lack of similarity between their core regions, phylogenetic analysis of the leader peptide region of the intact and pseudo-procA genes indicates that they are often closely related (SI Appendix, Fig. S7 ), suggesting that many of the pseudogenization events are recent. The high frequency of procA pseudogenes in these genomes suggests a high turnover rate of paralogous genes, indicating that the prochlorosin biosynthesis pathway is a dynamic trait involving sustained expansion, diversification, and elimination of procA genes.
The 180 different procA genes that we have identified in only nine closely related marine picocyanobacteria strains is double the ∼90 other lanthipeptides that have been described from vastly different branches of the bacterial domain (15) . This impressive diversity led us to wonder how many lanthipeptide structures have evolved within the enormous genetic diversity embodied in Prochlorococcus and Synechococcus populations on a global scale and how these metabolites are distributed along environmental gradients in the oceans.
Diversity and Distribution of Prochlorosin Precursor Peptide Genes in
Wild Populations. An initial survey of prochlorosin biosynthesis genes in metagenomic databases of surface ocean samples revealed the presence of the lanthipeptide production trait in wild picocyanobacterial populations (6) . To obtain a comprehensive picture of the biogeography of the prochlorosin production trait, we investigated ocean regions where gradients of light, temperature, and nutrient concentrations are known to shape the relative abundance of Prochlorococcus ecotypes and Synechococcus groups (19, 20) . Using quantitative PCR targeting highly conserved regions of the prochlorosin precursor peptide gene, we measured the abundance of procA genes in samples collected at Station ALOHA in the North Pacific Subtropical Gyre and along 16 stations spanning an Atlantic Meridional Transect (AMT) (Fig. 3A) . The prochlorosin trait is widespread, but patchily distributed along the transect (Fig. 3B) ; procA genes have distinctive depth-distribution patterns and vary in abundance across the transects. These patterns are likely influenced by the current restriction of the trait, within Prochlorococcus, to the LLIV clade; members of this clade are adapted to low-light conditions and typically found deeper in the water column (19, 20) .
The relationship between the abundance of procA genes and cells belonging to the LLIV clade is best illustrated by procA distribution patterns at two subtropical locations (Station ALOHA and AMT-S25, Fig. 3C ), where the surface mixed layer is dominated by high-light-adapted ecotypes of Prochlorococcus (not known to encode prochlorosins) and where Synechococcus is present in low numbers relative to Prochlorococcus (19, 21) . In these regions, the abundance of procA genes is relatively low throughout the surface mixed layer but increases in deeper waters where procA-encoding LLIV Prochlorococcus are known to thrive (Fig. 3C) (19) . In contrast, at low or high latitudes of the Atlantic Ocean (i.e., AMT-S78 and AMT-S3, respectively) where Synechococcus dominates and low-light-adapted Prochlorococcus are relatively rare (20) , procA abundances track Synechococcus abundances and are low at the base of the euphotic zone. The only instance where procA genes were found equally distributed throughout the euphotic zone was when a deep-mixing event homogenized the distribution of Prochlorococcus and Synechococcus populations in the water column (i.e., AMT-S72, Fig. 3C ). We conclude that prochlorosin production is widespread in the oceans and constitutes an integral component of planktonic cyanobacterial populations throughout the oligotrophic ocean.
Having identified picocyanobacterial populations that harbor the prochlorosin trait, we next undertook analyses to better understand how selective pressures on the prochlorosin trait shape the diversity of prochlorosin populations (i.e., the total collection of different lanthipeptide structures encoded by the picocyanobacterial population at a location) across different oceanic sites. To obtain most of the coding sequence of the procA gene and predict its prochlorosin product, we used the highly conserved 5′ region of the leader peptide and a moderately conserved 3′ intergenic region downstream of the procA gene as primeranchoring sites for amplification (SI Appendix, Fig. S8 ). Evaluation of this set of primers on a mock seawater sample containing cells from prochlorosin-encoding Prochlorococcus and Synechococcus strains suggests that ∼25% of the potential procA genes can be recovered by this method (SI Appendix, Supplemental Materials and Methods and Table S6 ). Thus, although this set of primers likely will not amplify all procA genes at a given location, it places a lower bound on their diversity and facilitates comparisons among prochlorosin populations from different natural environments. For this analysis, we selected four to five depths from each of five locations displaying distinct patterns in the distribution of procA genes ( Fig. 3C) (19, 22) . The procA genes from these 39 environmental samples were deeply sequenced and quality-filtered (Materials and Methods). To determine the total number of different prochlorosin precursor peptides in the dataset, procA ORFs were predicted from the cleaned reads from all samples and clustered at a genetic distance of 3% to account for possible sequencing errors. Each unique 97% DNA identity cluster (excluding singletons) was defined as an operational prochlorosin unit (OPU), representing a unique prochlorosin precursor peptide gene from which the sequence information of the leader and core peptide regions could be obtained. After clustering 1.6 million procA ORF sequences, a total of 1,697 OPUs were identified, an impressive number considering it represents a lower bound estimate of prochlorosin diversity due to the constraints on conserved priming sites mentioned above and the conservative clustering procedure.
To determine how similar the prochlorosin populations are from different oceanic regions, we mapped the procA ORF sequences from each site to the total OPU set to create an OPU composition matrix. Rarefaction analysis shows that the number of OPUs sampled globally does not tend toward an asymptote, but those for each site are closer to saturation (Fig. 3D ). Suspecting that this reflects variation in the composition of OPU populations between sampling sites, we constructed a dissimilarity matrix based on the OPU composition at each site and analyzed it using principal coordinates analysis (Materials and Methods). We found that prochlorosin populations primarily cluster by geographic location (i.e., all depths from the same station formed close groups) ( Fig. 3E ). Furthermore, analysis of similarities (ANOSIM) between geographic locations indicates that there is little overlap between the OPU populations, demonstrating that different picocyanobacterial populations encode distinct sets of lanthipeptide genes (Fig. 3E ). The only instance in which two different sampling sites showed a significant overlap between their prochlorosin populations was for two stations in the South Atlantic (AMT-S72 and AMT-S78, ANOSIM, R = 0.67; P value <0.05), both of which were heavily dominated by Synechococcus and under a similar deep-mixing regime ( Fig. 3C ). Among the time-series samples from Station ALOHA for HOT, there was a significant overlap between the OPU populations for the majority of the monthly samples from the 125-m and 175-m depths (ANOSIM, R = 0.24; P value < 0.05). However, despite the overall cohesion of prochlorosin populations from Station ALOHA, we observed a few samples distant from the main cluster (25-, 85-, and 100-m depths and time-series samples from 3 mo in the fall and 1 mo in the winter at 125 m), indicating that environmental gradients along the water column and seasonal changes can also influence the composition of prochlorosin populations at this site.
That picocyanobacterial populations from different oceanic environments harbor significantly different sets of prochlorosin precursor peptide genes suggests that selection pressures operating at each site drive the evolution of divergent lanthipeptide structures within this group of closely related microorganisms. This led us to wonder about the full extent of the structural differences between prochlorosins in these natural populations and how this diversity might originate.
Hypervariability of Prochlorosin Structures in Wild Populations.
To explore the scope of structural variability among prochlorosins observed in wild populations, we examined in detail the sequence information of the leader and core peptide regions of the 1,697 OPUs identified. At the nucleotide level, the majority of the OPUs share only 40-70% identity, indicating extensive sequence diversity in the wild (Fig. 4A) . At the protein level, the identity of the core peptide region among OPUs is less than 30% for most (98.1%) of the sequence comparisons, whereas the leader peptide is relatively more conserved with nearly half of the sequence comparisons showing greater than 60% pairwise amino acid identity (Fig. 4B ). Moreover, in these sequences the vast majority of OPUs that display high identity between their leader peptides have low identity between their core peptide regions (Fig. 4C) . This metagenomic analysis, which enables a sampling scope far exceeding the limitations of cultured genomes, indicates that prochlorosins with similar core peptides are rare in the natural environment, consistent with our observations using a limited number of cultured isolates.
To investigate whether the core regions within this extensively diverse set of OPUs from wild cells possess structural properties that could actually result in a cyclic peptide, we first determined the co-occurrence of Cys/Ser and Cys/Thr pairs in the core regions and found that 81% of the OPUs could result in a lanthipeptide with at least one ring. We next calculated the dipeptide composition of all core regions in the set of OPUs to identify the amino acid associations that might represent underlying structural commonalities. The most frequent dipeptides were a polar amino acid involved in cyclization (Cys, Ser, or Thr) associated with a small side-chain-containing nonpolar amino acid (Gly or Ala) ( Fig. 4D ) (23) (24) (25) . This dipeptide signature is also observed in core regions of prochlorosin precursor peptides from genomes of cultured strains and is different from the dipeptide frequency observed for the general proteome of prochlorosin-encoding strains (SI Appendix, Fig. S9 ). Thus, despite the lack of sequence conservation between most of the OPU core peptides, the OPUs contain the general structural signatures of cyclic peptides. This metagenomic survey suggests that natural picocyanobacterial populations collectively have the potential to produce thousands of structurally different lanthipeptides.
Molecular Diversification of Prochlorosin Precursor Peptides. What are the underlying evolutionary mechanisms that might generate this expansive diversity? Analysis of the procA genes found in the set of cultured strains alone cannot provide a clear picture of how the expansion and diversification of these genes takes place because the variation in the core region of the procA gene is so extreme that meaningful multiple sequence alignments cannot be obtained for the 3′ end of the gene. This extreme variation precludes phylogenetic reconstruction for the entire precursor peptide. Using only the leader peptide region, however, one can generate a partial reconstruction of the phylogeny of these genes (SI Appendix, Fig. S10 ). Prochlorococcus leader peptides generally group into a distinct branch separate from most Synechococcus leader peptides, consistent with the phylogeny of these two genera. These extreme differences in the degree of genetic variability between the leader and core peptide regions suggest an atypical molecular evolution mechanism for the procA gene. To gain insight into the evolutionary mechanisms that could generate this abnormal diversity, we analyzed the genetic variation of the prochlorosin precursor peptide in the OPUs obtained from wild populations.
To explore possible early steps in the diversification of the core peptide region of the procA gene, and to characterize the types of molecular changes that give rise to new lanthipeptide structures, we searched for OPUs that share 100% nucleotide identity in their leader peptide region, allowing us to identify groups of genes that might have undergone recent changes in their core peptide region. We identified 156 such groups of OPUs with identical leader peptides, 7 of which contained more than 7 OPUs. The core peptide regions within these groups were 0-88% identical-a striking range of variation considering that they have identical leader peptides (Fig. 5A) . To further explore variation at the 3′ end of the procA gene in these groups, we recovered sequence information from the 3′ intergenic region downstream of the procA ORFs that had previously been removed as part of the read processing and clustering procedure (Materials and Methods). Multiple sequence alignments using the full length of the procA genes revealed that the 3′ intergenic region downstream of the ORF is highly conserved within these sets, further suggesting that the changes within the core peptide region of these procA genes reflect recent events (Fig. 5B) .
Using sequence information from the entire procA gene, it is possible to examine the molecular changes that gave rise to new procA variants in these closely related OPU groups. For example, examination of the nine procA genes in the G3 group of recently diverged OPUs revealed that OPU116 is the likely ancestor of eight other OPUs, which all arose as the result of individual deletion events in various parts of the 3′ end of the gene (Fig. 5B) . Five of these genes suffered deletion events that included several nucleotides outside of the coding region of the original OPU116. Compared with their ancestor OPU116, all of these deletions resulted in procA ORFs with core regions displaying large differences in their sequence composition, but that still contain Cys, Ser, and Thr residues in different positions that could serve as substrates for the creation of lanthionine bridges (Fig. 5B) . Thus, in a very short mutational path a single procA gene region rapidly diversified into eight prochlorosin precursor peptide genes, the products of which would display completely different ring topologies.
The sequence variation patterns in the other groups of closely related OPUs were also dominated by multiple insertion-deletion (indel) events of variable lengths, indicating that the majority of polymorphisms in the core peptide region of recently diverged procA genes resulted in large changes in the amino acid sequence of the final product (SI Appendix, Fig. S11 ). This pattern of variation implies that the diversity in the core peptide region of prochlorosins is not likely to have resulted from a slow multistep exploration of the sequence space around a particular ring topology, as for variants in other lanthipeptide groups (26) , but rather from a single-step diversification process that rapidly explores very large changes in sequence composition. In contrast, in groups of OPUs with 100% nucleotide identity in their core peptide region, variations in the leader peptide region were dominated by singlenucleotide substitutions (SI Appendix, Fig. S12 ).
These contrasting variation patterns indicate that the leader and core regions of the prochlorosin precursor peptide gene are undergoing distinct modes of molecular evolution. The leader peptide, the function of which is to direct biosynthesis, follows the molecular evolution pattern of most proteins where large sequence changes are thought to be detrimental to the protein structure, and thus only small changes in the exploration of the sequence space are permitted. Conversely, the core peptide evolves mainly by the action of large sequence polymorphisms that greatly affect the overall sequence of the core peptide region, disregarding any conservation of the ancestral structure.
Structural Diversity Is Under Selection in Picocyanobacterial Lanthipeptides.
In the absence of selection, a diversification process of procA genes that is driven by large indel events is expected to create random peptides. In a simulation of a neutral evolution process of 100 procA genes driven by indel mutations in the 3′ end of the gene, the resulting population of potentially cyclic peptides would not exceed 50%, and the expected amino acid composition of the pool of core peptides tends to be more similar to the general proteome composition of marine picocyanobacteria (SI Appendix, Fig. S13 ). Therefore, the fact that 91% of the prochlorosin core peptides identified in the genomes and 81% of the core peptides in the OPUs contain residues and structural features that favor the formation of a cyclic product indicates that prochlorosin core peptide diversity is not likely the result of genetic drift. In addition, as evidenced by the complete diversity (no core peptide is highly similar to any other) of procA genes found within genomes of cultured strains, selection also seems to allow only the maintenance of lanthipeptide variants that display a different ring topology from the rest of the prochlorosins in the genome. Also, the prevalence of procA pseudogenes in prochlorosin-encoding cells supports the notion of a constant selective pressure on the prochlorosin trait that inactivates procA genes that are no longer advantageous, thus relieving the cell from having to produce such peptides. In turn, this observation also suggests that the extant prochlorosins have a functional role. Additional evidence for the selection of traits in the prochlorosin biosynthesis pathway that favor structural diversification comes from an analysis of the evolutionary interplay between lanthionine synthetases and their peptide substrates. Does the rapid diversification of the prochlorosin core peptide substrates demand a fast evolution of the lanthionine synthetase? To explore this, we compared the patterns of natural selection on LanM enzymes from the lacticin 481 group, which modify a single precursor peptide substrate, the putative ring topologies of which are conserved (26, 27) , to patterns of selection on ProcM enzymes within individual strains of picocyanobacteria harboring multiple precursor peptides of different ring topologies (Fig. 6A) . Genes from the ProcM clade display a very low ratio of the rate of nonsynonymous substitutions to the rate of synonymous substitutions (dN/dS) compared with the enzymes of the lacticin 481 (LanM) clade, which is indicative of negative selection operating on the former group (Fig. 6B ). In the case of the lanthionine synthetases from the ProcM clade, even when their peptide substrates rapidly expand and diversify within a genome, about 25% of the codons in the ProcM enzyme evolve under a strong purifying selection (Fig. 6C ). This level of conservation is not observed in members of the lacticin 481 group, the substrates of which experience less drastic changes than the prochlorosins (Fig. 6D ). This interplay between enzyme and substrates suggests that the prochlorosin lanthionine synthetase is evolutionarily locked in a state that favors maintaining its substrate promiscuity. The ProcM sequence analysis further suggests that the evolution of new prochlorosin structures is not constrained by a need for large changes in the lanthionine synthetase. Outstanding examples of this are the Prochlorococcus strains MIT9313 and MIT9303, which encode vastly different sets of prochlorosin precursor peptides, yet harbor procM genes that are 96% identical.
Conclusion. This cross-scale analysis of prochlorosin precursor peptide genes reveals that the hypervariability of prochlorosins is a feature that occurs across multiple scales of complexity. At the genome level, all of the procA genes found within a single genome are different (Fig. 2) . Between genomes, prochlorosin-encoding genomes from several picocyanobacterial lineages harbor distinctive sets of procA genes (Fig. 2) . In the global ocean, geographically distinct marine picocyanobacterial populations contain largely dissimilar collections of procA genes (Fig. 3) . Collectively, these findings indicate that lanthipeptides in marine picocyanobacteria are undergoing a rapid evolutionary process of structural diversification. It appears that the prochlorosin biosynthesis pathway has evolved such that it can generate a suite of structurally diverse natural products by using the combination of a substrate-tolerant lanthionine synthetase and a collection of precursor peptide substrates encoded in a highly dynamic family of multicopy genes poised for rapid expansion and diversification.
This type of diversity-prone selection contrasts with the evolutionary path of other lanthipeptides such as lantibiotics, which display antimicrobial activity (15) . Lantibiotic biosynthesis pathways have generally evolved to be efficient in the creation of one cyclic peptide with a defined ring topology that endows the molecule with its bioactivity; the ring topology resulting from posttranslational modifications is thought to be the major determinant of the bioactivity. For example, in lantibiotics of the nisin group or the lacticin 481 group, the targets of which are specific lipid components of Gram-positive bacteria, variations found within their core peptide sequences are composed mainly of small amino acid changes that do not alter the structure of the principal rings, thereby preserving the antimicrobial activity (27, 28) . Consequently, lantibiotics follow the evolutionary pattern of a typical protein with an established structure-function relationship, where structural similarity is maintained through negative selection. The case of prochlorosins is different: the predominance of prochlorosins that would display extensively different ring topologies, and the high frequency of large sequence polymorphisms that tend to change the structure of the core peptide, suggest that the potential bioactivity of the prochlorosins does not have a relationship with a particular ring topology. Rather, the evolutionary history of prochlorosins suggests that the selective advantage of the trait does not rely solely on the function afforded by the structure of a single peptide, but rather on the plasticity in the production of a suite of cyclic peptides with diverse ring topologies and their sustained diversification. Previous examples of pathways resulting in many structurally diverse products have been interpreted by the "screening hypothesis" (29), but, in the absence of definitive information on of OPUs selected from environmental sequences that display complete conservation of their leader peptide sequence (Lower triangle). (B) Variation in the procA gene region of the G3 group of OPUs. DNA multiple sequence alignment of the procA genes indicates the presence of deletion events that occurred on the OPU116 ancestor. The predicted core peptide regions resulting from the diversification of this gene region are presented below the alignment. Cys, Ser, and Thr are highlighted to note that, given the positions of these residues, each peptide would display a different ring topology. Numbers on the left correspond to OPU designations.
the function of prochlorosins, we believe it is premature to do so for the prochlorosins. Aside from lanthipeptides, other RiPP families are known to display hypervariability in the core region of their precursor peptide substrates (30) . Cyanobactins, for example, are a group of structurally diverse RiPPs, the biosynthetic enzymes of which also have remarkable substrate promiscuity in the creation of these small cyclic peptides (31) . Similar to prochlorosins, some cyanobactin variants arise from duplication and diversification events in their precursor peptide genes (32) . However, in contrast to prochlorosins, natural genetic variation patterns found in precursor peptides of the patellamide family of cyanobactins from tunicate-associated cyanobacteria suggest that their evolutionary diversification occurs through small stepwise changes, somewhat constrained by the maintenance of conserved residues and the overall length of the peptide (33) . Not all families of cyanobactins, however, display marked similarities between closely related variants of precursor peptide genes. For example, analysis of the genome of Planktothrix agardhii (34) reveals that the prenylagaramide biosynthetic gene cluster harbors six precursor peptide genes that display very low similarity in their core peptide region, suggesting that variants within this family could have arisen through an evolutionary process similar to that of prochlorosins. Furthermore, genome mining of other RiPPs such as the thiazole/oxazole-modified microcin family revealed the presence of cyclic peptide biosynthetic gene clusters in bacteria other than cyanobacteria. These clusters resemble the prochlorosin pathway in terms of the multiplicity of precursor peptide genes per genome and their striking core peptide sequence diversity, suggesting that evolutionary diversification of natural products might occur in other branches of the bacterial phylogeny (25) .
Materials and Methods
Detailed materials and methods for Prochlorococcus isolations, genome sequencing, qPCR detection of procA genes, amplicon library construction, and sequence processing and analysis are provided in SI Appendix. For the clustering of procA amplicons, a total of 1.6 million procA ORF sequences were predicted from the pool of cleaned reads, for an average of 41,000 per sample. These reads were then used to create 3% similarity clusters using the cluster_otu function of USEARCH (35) . The resulting 3% similarity clusters were mapped back to the original procA ORF reads from each one of the sites sampled using USEARCH with a DNA identity threshold of 0.97. The resulting nonsingleton clusters from this mapping are considered to be OPUs (Dataset S1). For the comparative analysis of OPU populations, we constructed a dissimilarity matrix based on the OPU composition at each site using the Jaccard distance and used principal coordinates analysis to represent the similarity between samples in ordination space. In addition, ANOSIM was used to assess the statistical significance of the observed Jaccard distances between groups of samples from different locations. Codon-specific dN/dS 
